The DNA G+C content was 41.1 mol%. Phylogenetic analysis based on the 16S rRNA gene sequence revealed that the strain was included in the phylum Thermotogae, and was closely related to Mesoaciditoga lauensis. The 16S rRNA gene sequence similarity between them was 90 %, and they were deeply branched off the rest of the known Thermotogae species. On the basis of the phylogenetic and ecophysiological properties, strain NAS-01
T represents a novel species of a new genus in the phylum Thermotogae, for which we propose the name Athalassotoga saccharophila gen. nov., sp. nov. The type strain of the type species is NAS-01
). In addition, we propose a new order and family, Mesoaciditogales ord. nov. and Mesoaciditogaceae fam. nov., respectively, to accommodate the novel genus and the closely related genus Mesoaciditoga.
Members of the phylum Thermotogae are well-characterized by their unique outer sheath-like structure called 'toga' (Huber et al., 1986; Huber & Hannig, 2006) . At the time of writing, the phylum is represented by 12 genera: Thermotoga (Huber et al., 1986) , Defluviitoga (Ben Hania et al., 2012) , Fervidobacterium (Patel et al., 1985) , Geotoga (Davey et al. 1993) , Kosmotoga (DiPippo et al., 2009) , Marinitoga (Wery et al., 2001) , Mesoaciditoga (Reysenbach et al., 2013) , Mesotoga (Nesbø et al., 2012) , Oceanotoga (Jayasinghearachchi & Lal, 2011) , Petrotoga (Davey et al., 1993) , Pseudothermotoga (Bhandari & Gupta, 2014) and Thermosipho (Huber et al., 1989) . Another genus, Thermococcoides, was proposed for a strain isolated from an oil-producing well (Feng et al., 2010) ; however, it has been regarded as a member of the genus Kosmotoga (Nunoura et al., 2010) . All members of the phylum Thermotogae are anaerobic, fermentative bacteria growing at various temperatures ranges (from 20 to 95 8C). They are widespread in anaerobic environments: thermophilic members have been isolated from geothermally heated anaerobic environments such as hydrothermal vents of seafloors, marine-and terrestrial oil-producing wells and terrestrial hot springs. On the other hand, mesophilic members have been encountered in marine sediments or underground aquifer (Ben Hania et al., 2011 Nesbø et al. 2012) . Phylogenetic analysis of 16S rRNA gene sequences revealed that members of the phylum Thermotogae branched independently at a deep point of the Bacteria domain (Achenbach-Richter et al., 1987) . However, several phylogenetic and comparative genomic analyses derived from whole-genome sequences have shown that the members could be related to other phyla such as Aquificae, Dictyoglomi, Proteobacteria or Firmicutes (Zhaxybayeva et al., 2009; Gupta & Bhandari, 2011; Nishida et al., 2011) . Nevertheless, the phylum Thermotogae formed a coherent phylogenetic cluster, except for the genus Mesoaciditoga (Reysenbach et al., 2013) which was found as the first weakly acidic member and deeply branched from the rest of the known members of the order Thermotogales. According to the recent phylogenetic analysis based on the universally distributed proteins and distribution of the conservative signature indels (CSIs) over the genome sequenced Thermotogae strains, the phylum, except Mesoaciditoga, is divided into three major clusters representing three orders, i.e. Thermotogales, Kosmotogales and Petrotogales (Bhandari & Gupta, 2014) .
In this paper, we describe the characterization of a novel member of the phylum Thermotogae, designated NAS-01 T , which was isolated from a low-salt acidic terrestrial hot spring in Japan and propose a new genus and species to include this strain. In addition, we propose a new order and family, to accommodate Mesoaciditoga lauensis and the novel species.
Strain NAS-01
T was isolated from an enrichment culture incubated with a low-salt acidic hot water sample collected from Oku-Shiobara, Tochigi prefecture, Japan, in April 2012 (368 Balch et al. (1979) ; pH adjusted to 5.0. The medium was placed in culture bottles under a gas phase of N 2 /CO 2 (4 : 1, v/v), and reduced with 0.25 mM L-cysteine.HCl and 1.3 mM FeCl 2 . 4H 2 O. The cultivation was performed at 55 8C for 2 weeks. Under microscopy, the grown culture contained cocci and rods with or without the balloon-like outer sheath structure ('toga'). Applying the repeated dilution-to-extinction method followed by the most probable number methods as described by Itoh et al. (1998) , a bacterial strain, which had a toga-like structure, was isolated and designated NAS-01 T . Purity of the strain was confirmed by the morphological observation and the 16S rRNA gene cloning and sequencing analysis.
For morphological characterization, cells were observed directly under a phase-contrast microscope (OPTIPHOT-2; Nikon) or cells shadowed with platinum/palladium were examined using a transmission electron microscope (H-300; Hitachi) as described previously (Itoh et al., 1998) . Cells were mostly short rods, measured 0.7-0.8 mm wide by 0.8-2.0 mm long, and occurred singly or in pairs, as shown in Fig. 1 . The cells were accompanied with an outer sheath-like structure at both ends of the cell. Some paired cells showed the outer sheath detached from inner cells forming a globular shape. Cells of strain NAS-01
T also stained Gram-negative, were non-motile, and no flagella or endospores were observed.
Growth characteristics were examined using the abovementioned enrichment medium as a basal medium with cultivation at pH 6.0, 55 8C and under N 2 /CO 2 (4 : 1, v/v) unless otherwise stated. Growth was monitored by counting cell numbers in a Petroff-Hauser counting chamber (0.02 mm depth) or by measuring protein contents by a colorimetric method using a BCA protein assay kit (Pierce) according to the supplier's protocol. A good correlation was obtained between the two methods.
T grew in a temperature range between 30 and 60 8C, but not 25 or 65 8C. Growth at various pH were examined with the following buffers (10 mM each): HOMOPIPES (Sigma) for pH 4.0 to 5.5; MES (Sigma) for pH 5.0 to 7.0; and HEPES (Sigma) for pH 6.5 to 8.0. Growth occurred at a pH range between 4.5 and 7.5, but not at pH 4.0 or pH 8.0. At an optimal growth condition (55 8C, pH 6.0), strain NAS-01 T grew with a doubling time of 7.7¡1.0 h. The requirement of NaCl in the growth medium was examined by addition of NaCl to the basal medium. Strain NAS-01
T grew in the medium with up to 0.75 % NaCl, but not in medium containing 1 % (w/v) NaCl. Good growth was observed in the medium without additional NaCl. The strain grew under strict anaerobic conditions. A gas phase of air, N 2 /O 2 (99 : 1, v/v) or N 2 /CO 2 /O 2 (79 : 20 : 1, by vol.) did not support growth; growth was only observed in the media reduced and kept under a gas phase of N 2 (100 %), N 2 /CO 2 (80 : 20, v/v) or H 2 /CO 2 (80 : 20, v/v). Growth under a H 2 /CO 2 (80 : 20, v/v) gas mixture was partially inhibited.
T was a chemo-organotroph requiring yeast extract for growth. Carbon source utilization tests were conducted in the basal medium supplemented with a final concentration of 0.005 % yeast extract. Strain NAS-01
T used a variety of mono-, di-and polysaccharides (0.5 %, w/v) and proteinaceous substrates such as peptone and yeast extract, but not organic acids (0.2 %, w/v) or Casamino acids (0.2 %, w/v), as shown in Table 1 and the species description. In order to examine possible electron acceptors, the basal medium was amended by replacing (NH 4 ).
Cellular fatty acids were extracted from bacterial cells according to the method of the MIDI system and gas chromatography was performed following the manufacturer's protocol (Sherlock version 6.1; method TSBA40). The predominant fatty acid component of strain NAS-01 T was C 16 : 0 (92 %), and C 14 : 0 (3.6 %) and C 18 : 0 (3.4 %) were detected as minor components. In order to detect diabolic acid (15,16-dimethyltriacontanedioic acid) and other related analogues, freeze-dried cells were alkaline hydrolysed, methylated with BF 3 /methanol as described by Sinnighe Damsté et al. detected (,0.1 % of C 16 : 0 ). Polar lipid and quinone fractions were obtained as described by Minikin et al. (1984) . The two-dimensional TLC analysis of the polar lipids revealed that strain NAS-01 T contained a variety of phospholipids and glycolipids, but not aminolipids (ninhydrin-positive lipids) (Fig. S1 , available in the online Supplementary Material). Quinone was not detected.
Genomic DNA was isolated and purified, and the G+C content was measured by HPLC according to the method of Tamaoka (1994) . The DNA G+C content of strain NAS-01 T was measured as 41.1 mol%. A nearly complete 16S rRNA gene sequence of the strain was determined as previously described (Itoh et al., 2011) with minor modification. Applying the 16S rRNA gene sequence (1500 bases) to the EzTaxon database (http://www.ezbiocloud.net/ eztaxon; Kim et al., 2012) , the closest match of strain NAS-01 T was Mesoaciditoga lauensis DSM 25116 T with 89.7 % similarity. Therefore, the 16S rRNA gene sequence of strain NAS-01
T was aligned with those of representative strains of the phylum Thermotogae and related phyla using MUSCLE (Edgar, 2004) . Positions with gaps, ambiguous bases, or unreliably aligned stretches were removed from the alignment data using Gblock (Castresana, 2000) . A maximum-likelihood (ML) tree was reconstructed for 989 nt positions using PhyML 3.0 (Guindon et al., 2010) with GTR+I+G substitution model. The phylogenetic tree derived from the 16S rRNA gene sequences indicated that strain NAS-01 T and Mesoaciditoga lauensis cd-1655R
T formed a coherent cluster (100 % bootstrap value), and they were deviated from other members of the phylum Thermotogae, as shown in Figs 2 and S2. The cluster of strain NAS-01 T and Mesoaciditoga lauensis cd-1655R
T was affiliated with the other members of the phylum Thermotogae with a 70 % bootstrap value, when a phylogenetic tree was reconstructed with representative strains of the other bacterial phyla Aquificae, Caldiserica, Dictyoglomi and Firmicutes, and archaea (Fig. 2) .
In addition to the phylogenetic relationships described above, presence of clear 'toga' and diabolic acid (Sinninghe Damsté et al., 2007) indicate that strain NAS-01 T and Mesoaciditoga lauensis are both members of the phylum Thermotogae. Meanwhile, the other species of the phylum Thermotogae were allocated into the three orders Thermotogales, Kosmotogales and Petrotogales, on the basis of the 16S rRNA gene sequences and CSIs of universally distributed proteins (Bhandari & Gupta, 2014) . Therefore, strain NAS-01 T and Mesoaciditoga lauensis should represent a fourth order of the phylum Thermotogae. Sources, growth properties and DNA G+C contents of strain NAS-01 T and the known genera of the phylum Thermotogae are shown in Table S1 .
T and Mesoaciditoga lauensis (represented by strain cd-1655R T ), are clearly differentiated from each other by their phylogenetic and phenotypic characteristics, as shown in Table 1 . The 16S rRNA gene sequence similarity between the two strains is as low as 90 %. Strain
NAS-01
T thrives in a low-salt terrestrial hot spring and optimal NaCl concentration is less than 0.2 %, while Mesoaciditoga lauensis is a marine micro-organism requiring at least 1 % NaCl for growth. Besides, lipids containing ethanolamine or ornithine are detected from Mesoaciditoga (Reysenbach et al., 2013) , but not from strain NAS-01 T . Further differences, such as motility of cells and carbon and energy source pattern, are illustrated in Table 1 .
The phylogenetic and phenotypic data indicate that strain NAS-01
T represents a novel species of a new genus in the phylum Thermotogae, for which the name Athalassotoga saccharophila gen. nov., sp. nov. is proposed. Furthermore, Mesoaciditoga lauensis and the novel species should be included in a novel family of the new, and fourth, order of the phylum Thermotogae. We propose the names Mesoaciditogales ord. nov. and Mesoaciditogaceae fam. nov. for the new order and family, respectively.
Description of Athalassotoga gen. nov.
Athalassotoga (A.tha.las.so.to9ga Gr. prefix a not; Gr. fem. n. thalassa sea; L. fem. n. toga Roman outer garment, toga; N. L. fem. n. Athalassotoga a non-sea, or terrestrial, occurring toga).
Cells are Gram-stain-negative, non-spore-forming, short rods that possess an outer sheath-like structure ('toga'), and occur singly or in pairs. Prefers moderately thermophilic, weakly acidophilic, anaerobic and low salinity conditions to grow. Utilizes several carbohydrates or proteinaceous substrates. Uses Fe(III), thiosulfate and L-cystine as a possible electron acceptor. The DNA G+C content of the type species is 41 mol%. The major fatty acid component is C 16 : 0 . The polar lipid fraction contains phospholipids and glycolipids. No lipoquinone is detected.
The type species is Athalassotoga saccharophila.
Description of Athalassotoga saccharophila sp. nov.
Athalassotoga saccharophila [sac.cha.ro9phi.la. Gr. n. sakchararos sugar; N.L. adj. philus -a -um (from Gr. adj. philos -ê -on), friend, loving; N.L. fem. adj. saccharophila sugar-loving].
Shows the following characteristics in addition to those given in the genus description. Cells are mostly 0.7-0.8 mm wide and 0.8-2.0 mm long and lack flagella. Non-motile. Grows under strictly anaerobic growth conditions. Growth occurs at 30-60 uC (optimum 55 uC), at pH 4.5-7.5 (optimum pH 5.5-6.0), and in the presence of less than 1.0 % NaCl (optimum 0 % NaCl Cells are short rods to cocci, with a sheath-like outer structure ('toga'). Gram-negative. Moderately thermophilic and acidophilic, growing optimally around 55-60 uC, pH 6.0. Grows anaerobically. Chemo-organotrophs able to utilize a range of carbohydrates and proteinaceous substrates. Inhabit marine and terrestrial geothermal areas. Phylogenetically, deeply branched from the other families of the phylum Thermotogae as inferred from the 16S rRNA gene sequences.
At the time of writing, the order houses a single family Mesoaciditogaceae. 
Methanocaldococcus jannaschii DSM 2661 T (L77117)
Thermococcus profundus DSM 9503
Hydrogenobacter thermophilus TK-6 T (CP002221) Thermocrinis ruber OC 1/4 T (AJ005640) Aquifex pyrophilus Kol5a T (M83548)
Caldanaerobacter subterraneus subsp. yonseiensis KB-1
Athalassotoga saccharophila NAS-01 T (AB898788) Athalassotoga saccharophila gen. nov., sp. nov.
Description of Mesoaciditogaceae fam. nov.
Mesoaciditogaceae (Me.so.a.ci.di.to.ga.ce9ae. N.L. fem. n. Mesoaciditoga type genus of the family; suff. -aceae ending denoting a family; N.L. fem. pl. n. Mesoaciditogaceae the Mesoaciditoga family).
The description of the family is the same as that of the order Mesoaciditogales.
At the time of writing, the family contains two genera Mesoaciditoga and Athalassotoga. The type genus is Mesoaciditoga.
